Low-grade serous carcinomas and serous borderline tumors, combined herein and referred to as low-grade serous tumors, show distinct molecular alterations and clinical behaviors compared with high-grade serous carcinomas. The discrimination between low-grade serous tumors and high-grade serous carcinomas can be challenging on small tissue samples, such as cell blocks of paracentesis fluid or biopsies from omental disease. The purpose of this study was to test the ability of TP53 and CDKN2A immunohistochemistry to distinguish between high-grade serous carcinomas and low-grade serous tumors on small tissue samples. Tissue microarrays containing 582 high-grade serous carcinomas, 45 low-grade serous carcinomas, and 49 serous borderline tumors, confirmed by contemporary histopathological review, were stained for TP53 and CDKN2A (DO7 and E6H4 antibody clones, respectively). TP53 was scored as completely absent, wild-type pattern or overexpressed (460%), and CDKN2A was scored as either negative/patchy (o90%) or block expression (490%). The combination of the two markers, ie, the TP53 wild-type pattern and CDKN2A patchy expression, had sensitivity for low-grade serous tumors of 89%, a specificity of 93%, a positive predictive value of 68%, and a negative predictive value of 98%. These markers can, therefore, be used on small biopsies/ cell blocks to refute a diagnosis of low-grade serous tumors. These findings may inform emerging neoadjuvant therapeutic strategies in advanced ovarian cancers and may be crucial for future clinical trials on molecular-based therapies.
carcinomas as a new histological classification. The inclusion of low-grade serous carcinomas as a separate disease entity has taken a long time in part because of the controversy and confusion surrounding the term micropapillary serous carcinoma, and the delineation from serous borderline tumor. 1 There is a current consensus that low-grade serous carcinomas requires frank destructive invasion of 45 mm, while serous tumors without frank invasion but with micropapillary architecture should be named serous borderline tumor micropapillary type or noninvasive micropapillary serous carcinoma. 2 Low-grade serous carcinomas and serous borderline tumors are associated with mutually exclusive somatic mutations in both KRAS and BRAF genes, which are noticeably absent in the vast majority of high-grade serous carcinomas. 3, 4 In contrast, typical high-grade serous carcinomas exhibit ubiquitous TP53 mutations, along with chromosomal rearrangements due to doublestranded DNA repair defects and high rates of proliferation. [5] [6] [7] Malpica et al. [8] [9] [10] established the histological diagnostic criteria that allowed a reproducible separation of low-grade serous carcinomas from high-grade serous carcinomas. The MD Andersen Cancer Centre group went on to describe the clinical features of low-grade serous carcinomas, which include: presenting in younger patients, frequently in high-stage, and showing lower responses to chemotherapy compared with high-grade serous carcinomas. 11 Subsequent studies confirmed that only occasional low-grade serous carcinomas exhibit complete response to standard chemotherapy in the neoadjuvant or recurrent setting. [12] [13] [14] [15] With the increasing evidence suggesting that neoadjuvant chemotherapy is an equivalent or superior treatment regimen for advanced stage ovarian cancer, the selection of cases of patients who are most likely to respond remains a foremost clinical problem, which begins with accurate diagnosis. We have recently shown that accurate diagnosis of histological type is possible on whole histological sections and can be further improved by the use of immunohistochemical markers. 16, 17 However, central pathology review of the German portion of an international clinical trial has revealed that 3.3% of cases were actually serous borderline tumors overdiagnosed as ovarian carcinoma, and that in 25% of cases, assessment of histological type was inaccurate. 18 Given the high degree of intratumoral heterogeneity inherent to high-grade serous carcinomas, differential diagnosis of low-grade serous carcinomas can also be challenging on limited samples in the neoadjuvant setting, where only cell blocks from paracentesis fluid or biopsies of pelvic/peritoneal implants are available. A recent study from Toronto showed that women were treated with neoadjuvant chemotherapy based on clinical diagnosis (CA125/imaging) was in 10% of cases, on cytology-based diagnosis in 78%, and in 12% based on core biopsy. 19 The study concluded that ovarian carcinoma diagnosis was confirmed in 96% of cases at interval debulking, but histological type was only accurate in 85% of cases, suggesting difficulties in the assignment of histological type on the initial pretreatment samples. 19 Furthermore, in the era of individualized therapy and with the launch of clinical trials evaluating molecular-based targeted therapy, such as GOG239 targeting the MAPK pathway in low-grade serous carcinomas, it is necessary to achieve a more robust diagnosis supported by ancillary techniques on limited biopsy or cytological material.
Differences in the expression of TP53 and CDKN2A between low-and high-grade serous carcinomas were reported previously. 20, 21 We have employed this information for the differential diagnosis of low-grade serous tumors (low-grade serous carcinomas and serous borderline tumors) for years, but a formal statistical assessment of the test characteristics has never been published. Therefore, we tested the utility of combined TP53/CDKN2A expression for the distinction between low-grade serous tumors versus high-grade serous carcinomas, using tissue microarrays to simulate the limited samples likely to be available to the pathologist.
Materials and methods

Study Cohorts
For inclusion, cases must have had contemporary pathology review, and a diagnosis of high-and lowgrade serous carcinomas, or serous borderline tumors. Low-grade serous carcinomas had to conform to the strict MD Anderson Cancer Center criteria in order to be classified as such. 9 The putative site of origin was not used as a case selection criterion; hence, the series included cases with putative ovarian, tubal, or peritoneal origin. Cases must have been successfully assessed for both TP53 and CDKN2A immunohistochemical expression data assessed on a tissue microarray. The cases were pooled from five different sources, including three previously described cohorts: British Columbia moderate risk, 22 British Columbia extreme risk, 23, 24 and the Vancouver General Hospital tumor bank cohorts. 17 The fourth cohort, Tom Baker Cancer Centre cohort, has been previously described. 25 In order to validate the findings on material derived from paracentesis fluid, we retrieved two full sections from cell blocks from paracentesis fluid from 30 unrelated cases (serous borderline tumors, N ¼ 10, low-grade serous carcinomas N ¼ 10, and high-grade serous carcinomas N ¼ 10). Ethics board approval from both institutions was received.
Tissue Microarray Construction and Immunohistochemistry
Two new tissue microarrays encompassing the Calgary Laboratory Services and Tom Baker Cancer Centre cohort were built with duplicate 0.6 mm cores (Pathology devices, Westminster, MD, USA). These tissue microarrays and full section from cell blocks were subjected to immunohistochemistry for TP53 and CDKN2A using the Leica Bond platform. For CDKN2A, clone E6H4 (Cin Teq) was used with the company's pretreatment protocol E2-20 in a dilution of 1:24. For TP53, clone DO7 (DAKO) was used with the pretreatment protocol E2-20 in a dilution of 1:5 000. The other cohorts were previously stained using the same antibodies on the Ventana Benchmark platform. 17, [22] [23] [24] For CDKN2A, the company's pretreatment protocol was CC1 and the dilution was 1:2. For TP53, the pretreatment protocol was CC1 and the dilution was 1:400. TP53 immunohistochemistry was scored as completely absent, wild-type pattern (between 1and 60% of tumor cell nuclei), or overexpression (460%). As previously shown, the TP53-staining patterns correlate with the mutational status of TP53 ( Figure 1 ). 23, 26 Complete absence of TP53 indicates TP53 null mutation, whereas TP53 overexpression is indicative of TP53 missense mutation, and any staining pattern in between suggests wild-type TP53. The two extreme staining patterns ('all or nothing') are combined as aberrant expression, suggesting any type of TP53 mutation. CDKN2A immunohistochemistry was scored as negative/patchy (o90% of tumor cells) and block expression (490% of tumor cells). Immunohistochemistry for BRAF V600E was performed and evaluated as previously described. 27 
KRAS Mutation Analysis
One-mm biopsy punches were used to core tissues from formalin-fixed paraffin-embedded blocks using hematoxylin and eosin slides as a guide for maximal tumor retrieval and to prevent non-tumor carryover. DNA was extracted from tissue cores using the QIAamp DNA Micro Kit (Qiagen) according to the manufacturer's protocol. DNA concentration and purity were determined using a NanoDrop 2000 c spectrophotometer. All samples had 260/ 280 absorbance values 41.9. KRAS mutational analysis was performed using the KRAS PCR Kit (Qiagen). This ARMS-based assay is capable of detecting seven somatic mutations within codons 12 and 13 of the KRAS gene with 1% sensitivity. The assay was run on an ABI 7500 Fast real-time PCR System under standard conditions, according to the manufacturer's protocol.
Statistical Analysis
Unsupervised multivariate clustering analysis of TP53 and CDKN2A immunohistochemistry scores was performed using the Ward algorithm. The frequency of low-and high-grade serous carcinomas were tabulated for each of the six resultant clusters. The TP53/CDKN2A diagnostic test performance was quantified with sensitivity and specificity calculations using morphological classification as the gold standard. Sensitivity is defined as the proportion of a diagnosis that is thought to be present and is correctly identified by the test, and specificity is defined as the proportion of a diagnosis that is thought to be absent and is correctly identified by the test. Positive and negative predictive value were calculated in order to determine the precision of the diagnostic test. Positive predictive value is defined as the probability of a positive diagnosis, given that there was a positive test result, whereas negative predictive value is defined as the probability of a negative diagnosis, given that there was a negative test result. Confidence intervals (95%) were calculated for all sensitivity, specificity, and positive and negative predictive value calculations. All statistical analyses were performed by SEK using JMP v 10.0.0 (SAS Institute, Cary, NC, USA).
Results
The background demographics of the study cohorts are depicted in Table 1. The immunohistochemical  results for TP53 and CDKN2A across cohorts are  shown in Tables 2 and 3 with representative stains in Figure 1 . The positivity rate for CDKN2A staining in high-grade serous carcinomas (defined by diffuse block staining in more than 90% of tumor cells) ranged from 55 to 72% across cohorts. Aberrant TP53 staining in high-grade serous carcinomas was seen in 86-93% of cases. This relative consistency in staining pattern allowed us to combine the cohorts for an overall analysis. In addition, because of the similarity of CDKN2A and TP53 expression in serous borderline tumors and low-grade serous carcinomas, we combined both groups to form a new group of low-grade serous tumors.
In order to assess the diagnostic performance of a combination of TP53 with CDKN2A staining, we performed unsupervised hierarchical two-way cluster analysis utilizing Ward's algorithm. With two markers (TP53 with three possible outcomes and CDKN2A with two outcomes), six combinations/ cluster groups were derived (Figure 2) . Five of these cluster groups were associated with the histological type diagnosis of high-grade serous carcinomas. Clusters 1 and 3 (CDKN2A block and TP53 overexpression or complete absence), together accounting for almost half of the cases, were all diagnosed as high-grade serous carcinomas by the gold standard morphology. Clusters 4 and 6 (CDKN2A patchy and TP53 overexpression or complete absence), together accounting for 29% of the cases, were in 495% diagnosed as high-grade serous carcinomas. Cluster 2 formed the smallest group with 4% of the cases, still most likely associated with high-grade serous carcinoma. The majority of low-grade serous carcinomas were found in cluster 5 (CDKN2A patchy and TP53 wild-type staining).
Under the assumption that only cluster 5 is predictive for low-grade serous carcinomas and the remaining cluster groups for high-grade serous carcinomas, the sensitivity to predict low-grade serous carcinomas is 89% (95% CI, 81-95%) with a specificity of 93% (95% CI, 91-95%) ( Table 4) . In order to test the transferability of the results to cell blocks, 30 cases were stained. All 20 low-grade serous tumors (10 serous borderline tumors and 10 low-grade serous carcinomas) showed the staining pattern of cluster 5. All 10 high-grade serous carcinomas showed a staining pattern different from cluster 5, suggesting that the results can be reliably transferred to cell blocks.
Given the restrictive morphological criteria used to diagnose low-grade serous carcinomas, we were concerned on the fact that we possibly underdiagnosed low-grade serous carcinomas. Therefore, we assessed mutations known to occur in low-grade serous carcinomas in a subset of cases. With the availability of a BRAF V600E mutation-specific antibody, tissue microarrays of the low-grade serous carcinomas and Tom Baker Cancer Centre cohorts were stained for the BRAF V600E mutation. Owing to high costs, KRAS mutational testing was only performed on 25 cases from the low-grade serous carcinomas and Tom Baker Cancer Centre cohorts. We randomly selected 9 low-and 13 high-grade serous carcinomas, the latter from the immunophenotypic clusters 2 and 5. The results are shown in Table 5 . KRAS mutation was detected in two out of nine low-grade serous carcinomas, but not in any of the high-grade serous carcinoma cases. BRAF mutation testing using the mutation-specific antibody did not yield a single positive low-grade serous carcinomas, whereas 23% of serous borderline tumors were positive for the mutation.
Discussion
Our data provide a statistical validation for the use of combined TP53/CDKN2A immunohistochemistry in the differential diagnosis of low-grade serous tumors from high-grade serous carcinomas on small tissue samples. For the purpose of this study, lowgrade serous carcinomas and serous borderline tumors were combined to low-grade serous tumors, because we presumed that differential diagnosis of low-grade serous carcinomas from serous borderline tumors is not possible on ascites fluid derived by paracentesis or on small omental biopsy solely based on morphological grounds. Immunohistochemical staining resulting in a TP53 wild-type The data also show that TP53 confers most of the discriminatory information, most likely because of the almost universal prevalence of TP53 mutations in high-grade serous carcinomas 6, 7 and absence in low-grade serous tumors. The specificity for low-grade serous tumors increases only from 89 to 93% by adding CDKN2A. Therefore, it points to the importance of correctly titrated TP53 immunohistochemistry and correct interpretation of the staining by pathologists. Defining TP53 positivity by an arbitrary cutoff such as 10% makes no sense considering the biological (ie, mutational) correlate for the aberrant or 'all or nothing' staining pattern. 23, 26, 28 It has been previously shown that diffuse strong TP53 overexpression in at least 50-60% of the tumor Complete absence of staining indicates null mutation, in which a deleterious mutation leads to mRNA, which is degraded by nonsense-mediated decay. 26 Further studies to confirm these associations are warranted. Interpretation of CDKN2A staining is also critical. Similar to human papillomavirusinduced neoplasms of the uterine cervix, a high cutoff, likely close to 100% of tumor cells, should be considered as positive. We recently reported that CDKN2A is subject to a certain degree of intratumoral heterogeneity in high-grade serous carcinomas, which could lead to different results in 15-20% of cases. 24 This is not the case for TP53. Therefore, one could consider CDKN2A as a safeguard in this panel, which is most useful in the setting of a wild-type TP53-staining pattern (clusters 2 and 5), whereby, it helps prevent the misdiagnosis of low-grade serous tumors in rare cases of high-grade serous carcinomas with a wild-type TP53 pattern (cluster 2), and supports a diagnosis of low-grade serous tumors in cluster 5.
A three-tier approach to the interpretation of CDKN2A immunohistochemistry, which includes a separate category for absent CDKN2A staining, similar to TP53, is not indicated, as our data show that similar numbers of low-grade serous tumors and high-grade serous carcinomas are completely negative for CDKN2A (about 5%), similar to previous reports. 7, 29 Additional molecular markers for low-grade serous tumors have limited diagnostic value.
Next-generation sequencing of seven low-grade serous carcinomas did not reveal other recurrent mutations beyond KRAS and BRAF in a recent series, suggesting that low-grade serous carcinomas is a mutationally sparse disease 30 Our result for KRAS mutation frequency is similar to the approximate 20% that had been previously reported. 4 Although some reports have shown BRAF mutations in about 30% of cases, 4,30 our inability to detect BRAF V600E mutation in a single low-grade serous carcinomas is in line with a previous report in which Wong et al. 31 assessed 43 advanced stage low-grade serous carcinomas. KRAS mutations were detected in 19% of cases, whereas BRAF mutations were found in only 2% of cases, which is very similar to our results. This suggests that serous borderline tumors with KRAS mutations are more likely to progress to low-grade serous carcinomas than serous borderline tumors with a BRAF V600E mutation. Similar results have been demonstrated in animal studies, where KRASmutant mice were much more likely to develop invasive lung adenocarcinoma than those with BRAF V600E mutations, which almost never spontaneously progressed to adenocarcinoma. 32, 33 If the clinical trial, GOG239, confirms a differential mutation frequency between KRAS and BRAF in low-grade serous carcinomas, mutation profiling may prove to be a useful adjunct to morphology in the distinction between serous borderline tumors and low-grade serous carcinomas in small specimens (peritoneal cytology, small biopsies), which is critical for future neoadjuvant chemotherapy treatment decisions or clinical trial enrollment.
What is the current and future clinical relevance of making a distinction of high-grade serous carcinomas versus low-grade serous tumors, ie, vs low-grade serous carcinomas or serous borderline tumors? A recent clinical trial demonstrated that initial neoadjuvant chemotherapy followed by interval debulking was equivalent in outcome compared with the traditional upfront debulking surgery followed by adjuvant chemotherapy in advanced ovarian carcinoma, but with significantly less perioperative morbidity, mortality, and costs associated with neoadjuvant chemotherapy. 34, 35 Neoadjuvant chemotherapy is, therefore, quickly becoming the favoured approach for advanced stage ovarian cancer. However, there are histological types of ovarian carcinoma that do not respond to chemotherapy as compared with the typical high-grade serous carcinomas. Low-grade serous carcinomas have been shown to be one of the histological types that shows a poor response to neoadjuvant chemotherapy. 13, 15, 36 Five out of six low-grade serous carcinomas in the current Tom Baker Cancer Centre cohort were classified as chemotherapy resistant. Although low-grade serous carcinomas are relatively uncommon, it comprise the second most-common histotype in the setting of advanced stage ovarian carcinoma after high-grade serous carcinomas. 37 A robust tissue-based diagnosis of low-grade serous carcinomas prior to any treatment could influence the decision making of gynecological oncologists in favor of upfront surgery to spare these women from neoadjuvant chemotherapy. However, current clinical practice does not rely on the acquisition of solid tumor tissue for the commencement of neoadjuvant chemotherapy. The results of the current study are based on tissue microarray cores (two cores each 0.6 mm), which is similar to the amount of tissue derived by a core biopsy, making these results fully referable if the same fixation and processing protocols are used. However, in most current clinical settings, diagnosis is based on more easily obtainable cytology. There is no reason to believe that the results obtained from collections of ascites fluid may differ from the current study. Our results on 30 cases support that the marker panel can be reliably interpreted on cell blocks using the same fixatives and immunohistochemical protocols. We would propose that the two marker panel TP53 and CDKN2A, in conjunction with PAX8 and WT1, in order to establish mü llerian and serous cell lineage upfront, is highly effective in distinguishing between low-grade serous tumors and high-grade serous carcinomas in small tissue samples. Clinical trials specifically targeting the critical molecular alterations of low-grade serous carcinomas are ongoing or in the planning phase. 15 If patients are going to benefit from moleculartargeted therapy as shown for other cancer types with similar molecular alterations, [38] [39] [40] robust diagnosis using ancillary markers is critical.
